Neuroendocrine tumours (NETs) are rare, but their incidence (5.25/100 000 in 2004 in the United States) is rising and their prevalence (35/100 000) is high ([@bib21]; [@bib43]). As a whole, more than 30% NETs are diagnosed at advanced non-resectable stages, but much higher figures can be achieved for some primary sites, such as the small intestine ([@bib21]; [@bib43]). Even with the recent availability of targeted therapies, such as sunitinib and everolimus, cytotoxic chemotherapy remains the backbone of systemic treatment ([@bib38]), at least for advanced pancreatic NETs ([@bib9]; [@bib17]; [@bib2]; [@bib36]). Most current chemotherapy regimens are based on alkylating agents, such as streptozotocin ([@bib9]), dacarbazine ([@bib3]; [@bib37]) and temozolomide ([@bib19]; [@bib11]; [@bib33]; [@bib6]; [@bib16]; [@bib5]), used alone or in combination with other cytotoxic agents or targeted therapies.

One of the mechanisms of cytotoxicity by alkylating agents is the induction of DNA methylation at O^6^-guanine sites. Such lesions can be specifically restored by the DNA repair enzyme O^6^-methylguanine-DNA methyltransferase (MGMT; [@bib7]): any reduction in MGMT activity may therefore result in an increased sensitivity of tumour cells to alkylating-induced DNA damage and may potentiate the clinical effects of alkylating agents. One of the mechanisms involved in reduced MGMT activity in tumour tissue is the silencing of the corresponding gene through promoter methylation, which has been demonstrated to be a frequent event in many tumour types ([@bib7]; [@bib42]). For clinical purposes, it has therefore been proposed to study either MGMT protein expression or *MGMT* promoter methylation in order to predict sensitivity to alkylating agents. However, *MGMT* promoter methylation has been shown to be neither constantly nor necessarily associated with reduced MGMT protein expression: most studies showed only a poor correlation between the two parameters ([@bib15]; [@bib7]; [@bib26]). Nevertheless, it has been shown, first in gliomas ([@bib13]; [@bib15]; [@bib41]) and more recently in other tumours, such as melanoma ([@bib22]; [@bib31]), that *MGMT* promoter methylation in tumour tissue is predictive of the response to alkylating agents, especially temozolomide, and may prove to be a more reliable predictive biomarker than loss of MGMT expression assessed by immunohistochemistry ([@bib26]).

Despite the large use of alkylating agents in NETs, comparatively little information is available about MGMT status in these tumours and on its prognostic and predictive relevance. Several studies have shown that *MGMT* promoter methylation can be detected in a significant proportion of NETs, but little clinical information and no follow-up were available in most of these reports ([@bib35]; [@bib4]; [@bib14]; [@bib20]; [@bib1]; [@bib39]), except in the most recent one ([@bib30]), which found a positive correlation between *MGMT* promoter methylation and response to temozolomide in 10 patients with pancreatic NETs. Three previous studies attempted to correlate MGMT protein expression assessed by immunohistochemistry with response to temozolomide, but resulted in conflicting results ([@bib11]; [@bib18], [@bib30]): only one ([@bib18]) found a positive correlation between loss of MGMT protein and response to temozolomide, but in a short series of pancreatic NETs.

Our aims were therefore: (a) to evaluate the performances in NETs of methods largely used in other tumour types, especially gliomas, for evaluating MGMT status: we combined here two different molecular techniques to study *MGMT* promoter methylation (methyl-specific PCR (MS-PCR) and pyrosequencing) along with immunohistochemistry to assess MGMT protein expression, (b) to evaluate the prognostic relevance of MGMT status in NETs and its predictive value, not only for temozolomide but also for other alkylating agents, such as streptozotocin and dacarbazine, and (c) to determine whether, in NETs as in other cancers, the presence of *MGMT* promoter methylation is associated with a so-called hypermethylated phenotype. For this purpose, we retrospectively analyse a large series of 107 patients with NETs of various origins, with complete follow-up in our institution, including 53 patients treated by one or more alkylating agents.

Patients and Methods
====================

Patients
--------

For the predictive study, we retrospectively included all patients having started at least one cycle of chemotherapy containing an alkylating agent (streptozotocin, temozolomide or dacarbazine) for an advanced well-differentiated NET in our institution between January 1982 and December 2012. For the prognostic study, we included an equivalent number of patients referred to our institution between 1997 and 2007, having not received any alkylating agent. Inclusion criteria were: (a) informed consent to clinical research studies; (b) complete follow-up in our institution and (c) availability of tissue material for additional histological evaluation if necessary and for molecular and immunohistochemical studies. The study was approved by the local Ethics Committee and by the Steering Committee of Tumorothèque des Hospices Civils de Lyon, the local tissue biobank, which provided the tissue samples.

A total of 107 patients, including 53 treated by alkylating agents, were eventually included. For all patients, formalin-fixed, paraffin-embedded (FFPE) tissue samples were available; fresh frozen tissue samples were also available in 47 patients. The following data were collected: age at diagnosis, gender, MEN1 syndrome, primary tumour location (gastrointestinal, pancreas, lung, unknown), functional status, histological grade ([@bib28]), WHO classification ([@bib27]), TNM stage ([@bib28], [@bib29]; [@bib32]), and number of metastatic sites.

Clinical and pathological data are summarised in [Supplementary Appendix 1](#sup1){ref-type="supplementary-material"}. The main primary locations were the pancreas (58%) and the gastrointestinal tract (31%); 74% of tumours were metastatic; histological grade was G1 in 38% of cases and G2 in 53%. Median follow-up from diagnosis was 77 (1--335) months.

Evaluation of MGMT status
-------------------------

*MGMT promoter methylation status*. *MGMT* promoter methylation status was studied using two techniques: MS-PCR and pyrosequencing, giving, respectively, qualitative and quantitative information.

The techniques used here were derived from the procedures employed in our institution for gliomas. All samples examined contained more than 80% tumour cells. DNA extraction from FFPE tissue was performed after deparaffinization using a purification kit (MasterPure DNA, Epicentre, Madison, WI, USA). Genomic DNA was modified by bisulfite conversion (EZ DNA Methylation Gold Kit, Zymo, Irvine, CA, USA). For MS-PCR, we used the primers and PCR conditions described by [@bib10]). Pyrosequencing was performed using PyroMark Q96 MGMT kit (Qiagen, Courtaboeuf, France) on a PSQTM96 MA system (Biotage, Uppsala, Sweden), as described previously ([@bib15]; [@bib26]).

For pyrosequencing analysis, a 8% cutoff was used, according to the standards currently used in neuro-oncology ([@bib26]) and according to our own control data from normal gastroenteropancreatic tissues, in which median promoter methylation value was found to be 7% (data not shown). *MGMT* promoter was therefore scored 'methylated\' if more than 8% methylated alleles compared with unmethylated alleles were detected. Results are given as 'methylated\', 'not methylated\' or 'not interpretable\'.

*Immunohistochemistry*. O^6^-Methylguanine-DNA methyltransferase protein expression was evaluated by an immunohistochemical technique applied to sections of FFPE archival tissue material. An automated immunostaining system was used (Ventana Benchmark, Tucson, AZ, USA). After antigen retrieval by heating, deparaffinized 4-*μ*m-thick tissue sections were incubated with a mouse monoclonal anti-MGMT antibody (clone MT23.2, Invitrogen, Camarillo, CA, USA) diluted 1:200 for 32 min. Revelation was performed using the streptavidin--biotin complex technique. Only cells with unambiguous nuclear staining for MGMT were considered positive. Only cases with positive internal controls (stromal cells, lymphocytes) showing unambiguous nuclear staining were interpreted. The percentage of positive tumour cells was evaluated semi-quantitatively in the areas containing the highest density of positive tumour cells. As previously suggested ([@bib11]), tumours were scored negative if they contained \<10% of positive tumour cells in the whole tumour tissue section.

Gene promoter methylation studies
---------------------------------

In addition to *MGMT* gene promoter, the following genes were studied using MS-PCR, as described above, after DNA extraction from fresh frozen tumour tissues obtained in 47 patients of our study group (21 with pancreatic NETs and 26 with ileal NETs): (a) five genes of the so-called classical panel for the definition of CpG island methylated phenotype in colon cancer: *p16, hMLH1, MINT1, MINT2, MINT31* ([@bib23]; [@bib8]); (b) six additional genes previously tested in comprehensive surveys of epigenetic alterations in gastroenteropancreatic NETs: *HIC, THBS, APC, RASSFA1, TIMP3, CDH1* (encoding E-cadherin; [@bib14]; [@bib24]; [@bib44]; [@bib1]; [@bib25]). Primers and PCR conditions were designed as previously described ([@bib14]; [@bib23]; [@bib1]).

Treatment and follow-up
-----------------------

*Chemotherapy regimens*. Various chemotherapy regimens were classified into three categories: 'Dacarbazine-based\' regimens: all regimens using dacarbazine in association with 5-fluorouracile (5-FU) and/or epirubicin; our usual regimen consisted of the intravenous administration of 500 mg m^−2^ per day of 5-FU and 250 mg m^−2^ per day of dacarbazine for 3 days, and 50 mg m^−2^ of epirubicin on day 1, administered every 21 days ([@bib3]; [@bib37]); two patients did not receive epirubicin because of physician choice.'Temozolomide-based\' regimens: all regimens using temozolomide alone or in association with capecitabine; usually, the protocol consisted of oral temozolomide 200 mg m^−2^ once daily at bedtime for 5 days (days 10--14) every 28 days, with or without oral capecitabine 750 mg m^−2^ twice daily for 14 days (days 1--14; [@bib33]); in some patients, starting doses were reduced because of baseline renal insufficiency and/or previous haematotoxicity with other chemotherapy regimen.'Streptozotocin-based\' regimens: all regimens combining streptozotocin with either doxorubicin or 5-FU; the dose of streptozotocin was 500 mg m^−2^ per day for 5 days, administered every 42 days; 5-FU was given at 400 mg m^−2^ per day for 5 days, every 42 days; doxorubicin was given at 50 mg m^−2^ per day on day 1 and day 22, administered every 42 days.

*Efficacy assessment*. We analysed the response to chemotherapy according to the following criteria: type of regimen; start and end date of chemotherapy; best response obtained in accordance with RECIST criteria (stable disease was defined as disease stable for at least 2 months of treatment); progression-free survival (PFS) and overall survival (OS). Patients were assessed at 2- to 3-month intervals of treatment or earlier if clinically indicated, using clinical examination and spiral computed tomography scan of thorax, abdomen and pelvis and/or magnetic resonance imaging of the liver when appropriate. Imaging results were retrospectively reviewed and RECIST criteria v1.1 were applied ([@bib34]), even for the earliest period when WHO criteria were still used in clinical practice.

Statistical analysis
--------------------

Categorical variables were expressed as percentages, and compared by the *χ*^2^ test or with Fisher\'s exact test when appropriate. Continuous variables were expressed as median with range. The comparison between the techniques used for MGMT status evaluation was calculated with the Cohen\'s kappa coefficient (*k*). Progression-free survival was calculated from initiation of each chemotherapy line to the date of disease progression according to RECIST criteria or death from any cause, whichever occurred first. Overall survival was calculated from initiation of each chemotherapy line to the date of death or last follow-up. Progression-free survival and OS were assessed using Kaplan--Meier analysis and comparisons were performed using the log-rank test. A *P* value of \<0.05 was considered statistically significant. Cox proportional hazard models were developed using relevant clinico-pathologic variables to determine the association of each parameter with PFS or OS. For continuous variables, the cutoff level chosen was their median value. Only variables with a *P* value of \<0.10 at univariate analysis were introduced in the Cox model. Relative risks were expressed as hazard ratios (HRs) with 95% confidence intervals. The cutoff date for the final analysis was 1 July 2013. All statistical analyses were performed using Statistical Package for Social Sciences version 17.0 (Chicago, IL, USA).

Results
=======

MGMT status
-----------

O^6^-Methylguanine-DNA methyltransferase status according to tumour location and histological grade is given in [Table 1](#tbl1){ref-type="table"}. There was no significant difference between primary sites or between grades.

*MGMT promoter methylation*. Molecular studies could not be performed in eight cases, because of insufficient DNA quality after extraction from FFPE tissues. *MGMT* promoter methylation was detected in 12 cases (12%) by MS-PCR. By pyrosequencing, the rate of promoter methylation ranged from 1 to 46% in the whole series (median: 5%); 24 cases (24%) met our criteria to be declared 'methylated\' (promoter methylation \>8%). Among the 47 cases in which *MGMT* promoter analysis by MS-PCR could be repeated after DNA extraction from fresh frozen tissue samples, 13 cases (27.6%) were considered methylated, among which 2 were not detected by previous FFPE sample examination.

*MGMT protein expression*. Immunohistochemical evaluation for MGMT protein expression ([Figure 1](#fig1){ref-type="fig"}) was not interpretable in 18 cases, mainly because of the lack of positive internal controls ([Figure 1C](#fig1){ref-type="fig"}) or because an ambiguous tumour cell labelling, due to a very weak intensity of the nuclear staining. Among the 89 tumours interpretable, the number of positive tumour cells and their apparent staining intensity were variable from one case to another ([Figure 1A and D](#fig1){ref-type="fig"}). In addition, the distribution of positive tumour cells was markedly heterogeneous in some cases ([Figure 1D](#fig1){ref-type="fig"}). In an attempt to identify only tumours with low MGMT activity, we scored negative only the tumours with less than 10% of positive tumour cells in the whole tumour tissue section. In all, 29 tumours (33%) were scored negative ([Figure 1B](#fig1){ref-type="fig"}).

*Comparison between the techniques used for MGMT status evaluation*. We first examined ([Table 2](#tbl2){ref-type="table"}) the concordance between MS-PCR and pyrosequencing for evaluation of *MGMT* promoter methylation in FFPE tissues. Results were concordant in 87 of 99 cases examined (88% *κ* of 0.602). All cases in which *MGMT* promoter was considered non-methylated by pyrosequencing were also considered non-methylated by MS-PCR.

We next examined the concordance between molecular studies and immunohistochemistry. Concordance rate was slightly higher between pyrosequencing and immunohistochemistry (89%, 72 out of 81 tumours with both results available, *κ* of 0.731, and 72 out of 107 (67%) of all specimens) than between MS-PCR and immunochemistry (84%, 68 of 81 tumours with both results available, *κ* of 0.561, and 68 out of 107 (64%) of all specimens). However, whereas all tumours in which *MGMT* promoter was considered methylated by MS-PCR scored negative by immunohistochemistry, three tumours in which *MGMT* promoter was considered methylated by pyrosequencing (with CpG island methylation rates of respectively, 10%, 11% and 13%) scored positive by immunohistochemistry.

Evaluation of MGMT status as a prognostic marker
------------------------------------------------

The 107 patients were included in this part of the study. The following data were analysed: age at diagnosis, gender, MEN1 syndrome, primary tumour location (gastrointestinal, pancreas, lung, unknown), functional status, histological grade, WHO classification, MGMT status, metastatic status and number of metastatic sites. In univariate analysis, *MGMT* promoter methylation determined by either MS-PCR or pyrosequencing was found not to be a prognostic factor of OS from diagnosis (respectively, *P*=0.38 and *P*=0.49; *n*=99). In the same way, loss of MGMT expression by immunochemistry had no prognostic value in univariate analysis (*P*=0.15; *n*=89). In contrast, three parameters were of prognostic significance in both univariate and multivariate analysis: primary tumour resection (HR=6.9 (2.3--20.8), *P*\<0.001), low tumour grade (HR=0.14 (0.04--0.54) for high grade, *P*=0.004) and localised disease (HR=0.15 (0.02--0.97) for metastatic disease, *P*=0.047). The number of metastatic sites was the fourth factor associated with poorer prognosis in univariate analysis but it did not remain significant in multivariate analysis.

Evaluation of MGMT status as a predictive marker of response to alkylating agents
---------------------------------------------------------------------------------

Fifty-three patients were included in this part of the study. All received at least one chemotherapy regimen including an alkykating agent; 16 received two successive regimens. In total, there were 69 chemotherapy regimens evaluable (34 dacarbazine-based, 20 streptozotocin-based and 15 temozolomide-based treatments). The description and efficacy by regimens are shown in [Table 3](#tbl3){ref-type="table"}. Streptozotocin-based chemotherapy was given as first-line treatment in 50% of cases, whereas temozolomide-based treatment was given as a third-line or even more advanced line of treatment in 60% of cases. The median number of cycles administered to each patient was 6 (range: 1--37). Objective response and stable disease were obtained in 20% (14/69) and 64% (44/69) of patients, respectively, after alkylant use. The median PFS and OS were, respectively, 14 (9--18) and 45 (29--62) months.

We first verified whether MGMT status was associated with tumour response. Patients with methylated *MGMT* promoter in tumour tissue assessed by pyrosequencing had a 50% (8 out of 16) rate of objective response, in contrast to 11% (5 out of 47) for the other patients (*P*=0.003; [Table 4](#tbl4){ref-type="table"}). OR was achieved in 62% of patients with tumours scored as MGMT negative by immunohistochemistry as compared with 7% patients with MGMT-positive tumours (*P*\<0.001). The nine patients with progressive disease had MGMT-positive tumours. Three patients with MGMT-positive tumours responded to treatment but they received the alkylating agent in combination with another drug. Despite the fact that the number of methylated cases and the sensitivity to alkylating agents were higher in pancreatic NETs than in gastrointestinal NETs, the association between MGMT status and response to alkylating agents was verified in patients with either gastrointestinal or pancreatic NETs ([Table 5](#tbl5){ref-type="table"}).

We then evaluated the association of MGMT status with PFS and OS from first alkylant use in multivariate analysis. Median PFS was found to be significantly longer for patients with *MGMT* promoter methylation in tumour tissue assessed by pyrosequencing (26.4 *vs* 10.8 months, HR=0.29 (0.13--0.64), *P*=0.002; [Figure 2A](#fig2){ref-type="fig"}). In multivariate analysis, no other factor tested was significantly associated with PFS. The difference in PFS according to MGMT status was verified for streptozotocin-based treatments (*P*=0.04) as well as for dacarbazine-based treatments (*P*=0.004; [Table 4](#tbl4){ref-type="table"}); it was not significant (*P*=0.23) for temozolomide-based treatments considered alone, but statistical significance could be reached by grouping temozolomide-based and dacarbazine-based treatments (*P*=0.003), which is justified as the two drugs act through the same metabolite. Median PFS was also significantly longer for patients with MGMT-negative tumours by immunohistochemistry (20.2 *vs* 7.6 months, HR=0.19 (0.08--0.48), *P*\<0.001; [Figure 2B](#fig2){ref-type="fig"}). Finally, OS from first alkylant use was significantly longer in patients with *MGMT* promoter methylation assessed by pyrosequencing (77 *vs* 43 months, *P*=0.026) and in patients with MGMT-negative tumours by immunohistochemistry (105 *vs* 34 months, *P*=0.006; [Figure 2C and D](#fig2){ref-type="fig"}). No significant correlation was found between PFS or OS and *MGMT* promoter methylation assessed by MS-PCR (data not shown). We also did the analysis, with similar results ([Table 4](#tbl4){ref-type="table"}), at the patient-level in keeping only the first treatment of patients who received two treatments.

Association between MGMT status and promoter methylation in a gene panel
------------------------------------------------------------------------

The occurrence of promoter methylation for each of the 12 genes studied by MS-PCR after DNA extraction from fresh frozen tissues in 47 patients of the study group is given in [Supplementary Appendix 2](#sup1){ref-type="supplementary-material"}. As expected, *HIC*, *RASSFA1* and *APC* were the most frequently methylated genes, in 98%, 74.5% and 36% of tumours, respectively. *MGMT* promoter hypermethylation was detected in 13 cases (27.5%).

The distribution of the 47 tumours tested according to the number of methylated genes is given in [Figure 3A](#fig3){ref-type="fig"}. Median OS was significantly shorter in patients with tumours harbouring \>3 genes methylated (log-rank test, *P*=0.017; [Figure 3B](#fig3){ref-type="fig"}).

*MGMT* promoter methylation was present in 10 out of 17 tumours with \>3 genes methylated, as compared with only 3 out of 30 tumours with ⩽3 genes methylated; the difference was statistically significant (*χ*^2^ test, *P*=0.001; [Figure 3A](#fig3){ref-type="fig"}). Among the 17 patients with tumours harbouring \>3 genes methylated, median OS was not different according to MGMT status (log-rank test, *P*=0.925; [Figure 3C](#fig3){ref-type="fig"}).

Discussion
==========

In this study, we confirm that MGMT alterations, including *MGMT* promoter methylation and/or loss of MGMT protein expression, could be detected in a significant proportion of NETs, including not only pancreatic NETs but also NETs of various other origins. These alterations were associated with tumour response to alkylating agents, used alone or in combination, and including not only temozomolide but also dacarbazine (a precursor of the same active metabolite than temozolomide) and streptozotocin. However, they were not a prognostic factor of OS from diagnosis. Finally, we show that MGMT alterations are associated with a high number of methylated genes in tumour tissue.

For MGMT status analysis, we combined two molecular techniques for evaluation of *MGMT* promoter methylation, MS-PCR and pyrosequencing, along with immunohistochemistry for assessment of MGMT protein. Such a combined strategy is used in gliomas ([@bib15]; [@bib26]), but so far, only one report has appeared in NETs ([@bib30]). As expected, the various techniques employed had different sensitivities and provided different types of information ([@bib42]).

With MS-PCR, we detected *MGMT* promoter methylation in 12% of tumours, irrespective of their origin. This figure is within the range of 6--16% reported for all NETs in previous studies using the same technique ([@bib20]; [@bib1]). The range of variation is higher in some NET subsets: for instance, the rate of detection varied from 0 ([@bib4]) to 40% ([@bib14]) in pancreatic NETs and from 0 ([@bib20]) to 12.5% ([@bib35]) in lung NETs. In literature, *MGMT* promoter methylation was rarely detected in ileal NETs, but could be found in up to 25% of cases from the other digestive segments ([@bib4]; [@bib20]).

We then compared conventional MS-PCR with the more recently developed pyrosequencing technique ([@bib42]). We verified that, as observed in other tumours ([@bib15], [@bib26]), pyrosequencing is more sensitive than MS-PCR to detect *MGMT* promoter methylation in FFPE tissue samples: in our study, the rate of detection was 24% using pyrosequencing as compared with 12% using MS-PCR. Pyrosequencing results have to be interpreted by reference to the upper limit of 'normal\' methylation accepted for the gene considered: in our study, we retain the same standard (8%) as for central nervous tumours ([@bib15]; [@bib26]), as it was corroborated by our tests in normal, age-matched gastrointestinal tissues.

Finally, we evaluated MGMT protein expression. Only three previous studies have addressed this issue, usually in selected (mainly pancreatic) NET subsets, and with different interpretation criteria ([@bib11]; [@bib18]; [@bib30]). In our series, MGMT protein was undetectable in 33% of tumours, and the proportion was comparable for all NET subsets, including pancreatic (36%), lung (33%) and gastrointestinal (24%) tumours. Therefore, we could not verify the findings of the previous study of [@bib18]), in which the absence of detectable MGMT protein was restricted to pancreatic NETs: this difference may be related to sample bias in a relatively short series and/or to differences in the immunohistochemical technique used to evaluate MGMT protein expression.

The use of immunohistochemistry for evaluating MGMT status in NETs has been advocated because it is easily performed in FFPE tissue sections. However, numerous issues have to be addressed before MGMT immunostaining might be proposed as a routine test and a reliable alternative to molecular techniques. A first issue is the only partial concordance between *MGMT* promoter methylation and loss of MGMT protein expression. This point has been verified in our study as in all previous ones in many tumour types ([@bib13]; [@bib41]; [@bib26]), including in NETs ([@bib30]). This is likely to be due to the existence of various regulatory mechanisms of *MGMT* expression, in addition to promoter methylation ([@bib42]). A second issue is the presence of several pitfalls in the interpretation and standardisation of MGMT immunohistochemistry. In a significant proportion of our cases, it was not possible to obtain unambiguous internal positive controls, especially in archival tissues stored for long periods of time. In other cases, tumour cell nuclear staining was faint and disputable. Even in interpretable cases, as previously underlined ([@bib11]), the distribution of positive tumour cells may be heterogeneous. In the absence of recommendations for the interpretation of MGMT immunostaining, we decided to score negative only tumours with a very low percentage (\<10%) of positive cells over the whole tumour tissue section, in order to be the most discriminant possible.

We then aimed at evaluating the prognostic and predictive relevance of MGMT alterations in NETs. In our retrospective series, we could not demonstrate any relation between MGMT status and OS from diagnosis; this is in contrast with results reported in other tumours, such as gliomas ([@bib12], [@bib40]), and in one previous study of NETs, but based on a very limited sample ([@bib18]). In a recent study ([@bib30]), loss of MGMT protein was correlated with poor outcome but was not independent from other known histoprognostic factors, such as grade and stage in multivariate analysis ([@bib30]).

In several tumour types, it has been suggested that, despite its lack of overall prognostic relevance, MGMT status might be predictive of the response to the alkylating agent temozomolide. Previous studies in NETs reported contrasting results. In one study ([@bib11]), no relation was found between MGMT status and response to temozolomide. In two other ones ([@bib18]; [@bib30]), a predictive value was found, but only for pancreatic NETs. In our series, both *MGMT* promoter methylation, assessed by pyrosequencing, and MGMT protein status were found to be associated with response to alkylating agents, as shown by significant differences in PFS and OS after first alkylant use according to MGMT status. Two of the main interests of our study are: (a) to strongly suggest that MGMT status may be predictive of response not only to temozolomide, but also to other alkylating agents used in the treatment of NETs, including dacarbazine, which has the same active metabolite than temozolomide, and streptozotocin, which remains one the main first-line treatments for advanced pancreatic NETs; (b) to suggest that this predictive value is not restricted to pancreatic NETs but might be verified in all NET subsets. However, our results must be interpreted with some caution because of the retrospective design of our study and the fact that alkylating agents have been used either alone or in combination, making it difficult to properly assess their contribution to treatment efficacy. Further prospective studies are required to confirm our findings. One important further question would be to evaluate to which extent MGMT status is correlated between the primary tumour and its metastases, which are the actual target of systemic chemotherapy. In one previous study, based on a small number of cases, *MGMT* methylation was found to be comparable in primary NETs and their secondary locations ([@bib14]), whereas in another one ([@bib7]), MGMT activity has been shown to be higher in metastases than in primaries.

In many tumours, *MGMT* promoter methylation is known to be associated with a 'hypermethylator\' phenotype. In our series, *MGMT* methylation was found to be much more frequent in NETs harbouring a high number of methylated genes (\>3). In keeping with all previous studies ([@bib35]; [@bib4]; [@bib14]; [@bib20]; [@bib1]), we found that the presence of a high number of methylated genes (suggestive of a so-called 'hypermethylator\' phenotype, even if no consensus definition of this term is available for NETs) is associated with more progressive disease and shorter survival. Our findings therefore suggest that *MGMT* methylation is part of a 'hypermethylator\' phenotype, which in turn, behaves as an adverse prognostic factor. This may explain the apparent discrepancy between the absence of prognostic relevance of MGMT status and its predictive value.

In conclusion, the evaluation of MGMT status in NETs opens new perspectives for a better use of alkylating agents. However, much remains to be done for the standardisation of the techniques and of their interpretation: this is necessary for the prospective, multicentric studies required to verify the encouraging, but preliminary results reported here.
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###### 

Click here for additional data file.

![**Immunostaining for MGMT protein.** Representative examples of strong positive nuclear staining of tumour cells in a pancreatic NET (**A**) and of unambiguous negative staining of an ileal NET (**B**) are shown. Note in **B** the nuclear staining of lymphoid cells (L) and endothelial cells (arrows), which serve as internal positive controls (**B**). (**C**) An example of non-interpretable staining in an ileal NET: despite a very faint positivity observed in some tumour cell nuclei (open arrowheads), the absence of any positive internal control, especially in endothelial cells (arrows), prevents the definitive interpretation of the case. In **D**, an example of highly heterogeneous pancreatic NET is shown, with two distinct tumour cell populations, one with a faint nuclear labelling (arrows) and the other with no detectable labelling. Immunoperoxidase with nuclear counterstaining using Mayer\'s haematoxylin. Original magnifications: **A**, × 120; **B**, × 350; **C**, × 380; **D**, × 240; scale bar=50 *μ*m.](bjc2014660f1){#fig1}

![**Progression-free survival (A and B) and overall survival (C and D) from treatment initiation in patients treated by alkylating agents.** In **A** and **C**, patients are compared with *MGMT* promoter methylation in tumour tissue, assessed by pyrosequencing (group 1: patients with methylated *MGMT*; group 2: patients with unmethylated *MGMT*). In **B** and **D**, patients are compared according to MGMT protein expression, assessed by immunohistochemistry (group 1: patients with MGMT-negative tumours; group 2: patients with MGMT-positive tumours).](bjc2014660f2){#fig2}

![**Hypermethylated phenotype in NETs.** In **A**, the distribution of tumours according to the number of methylated genes detected in tumour tissue is given. Open bars represent cases with methylated *MGMT*; solid bars represent cases with non-methylated *MGMT*. In **B**, overall survival curves from diagnosis are compared between patients with tumours containing ⩽3 methylated genes (group 1) and those with tumours containing \>3 methylated genes (group 2). The difference is statistically significant (log-rank test, *P*=0.017). In **C**, overall survival curves from diagnosis are compared for the subset of patients with tumours containing \>3 methylated genes according to their MGMT status (group 1: methylated *MGMT*, group 2: non-methylated *MGMT*). The difference is not statistically significant.](bjc2014660f3){#fig3}

###### MGMT status in 107 neuroendocrine tumours

                                                         **Tumour location**  **Histological grade**                       
  ----------------------------------------------- ----- --------------------- ------------------------ --- --- ---- ------ ---
  *MGMT* promoter methylation, MS-PCR              *P*                        0.11                                  0.17    
   Non-interpretable                                8             7           0                        0   1   6    1      1
   Non-methylated                                  87            51           27                       5   4   32   48     7
   Methylated                                      12             4           6                        0   2   3    8      1
  *MGMT* promoter methylation, pyrosequencing      *P*                        0.41                                  0.12    
   Non-interpretable                                8             7           0                        0   1   6    1      1
   Non-methylated                                  75            40           27                       1   4   29   41     5
   Methylated                                      24            15           6                        4   2   6    15     3
  MGMT protein expression, immunohistochemistry    *P*                        0.45                                  0.64    
   Non-interpretable                               18            12           4                        2   0   8    10     0
   Positive                                        60            32           22                       2   4   24   30     6
   Negative                                        29            18           7                        1   3   9    17     3

Abbreviations: GI=gastrointestinal; MGMT=O^6^-methylguanine-DNA methyltransferase; MS-PCR=methyl-specific PCR.

###### Comparison between the techniques used for MGMT status evaluation

                                                    **MGMT promoter methylation, MS-PCR**   **MGMT protein expression, immunohistochemistry**                  
  ------------------------------------------------- --------------------------------------- --------------------------------------------------- ---- ---- ---- ----
  ***MGMT* promoter methylation, pyrosequencing**                                                                                                              
  Non-interpretable                                 0                                       8                                                   0    0    4    4
  Non-methylated                                    0                                       75                                                  0    16   53   6
  Methylated                                        0                                       12                                                  12   2    3    19

Abbreviations: MGMT=O^6^-methylguanine-DNA methyltransferase; MS-PCR, methyl-specific PCR.

###### Nature and efficacy of antitumour treatments

                                          **Streptozotocin based**   **Dacarbazine based**   **Temozolomide based**   **All treatments**
  -------------------------------------- -------------------------- ----------------------- ------------------------ --------------------
  Number of patients                                 20                       34                       15                     69
  Type of regimen                                 STZ-FU=9                 DTIC-Fu=2              Tem alone=7                  
                                                STZ-Doxo=11                 FED=32                 Tem-Cape=8                  
  **No. of prior systemic treatments**                                                                               
  0                                               10 (50%)                  9 (28%)                  1 (7%)                20 (30%)
  1                                               5 (25%)                  11 (34%)                 5 (33%)                21 (31%)
  2                                               4 (20%)                   5 (16%)                 3 (20%)                12 (18%)
  ⩾3                                               1 (5%)                   7 (22%)                 6 (40%)                14 (21%)
  Median number of cycles (range)                4 (1--12)                 6 (1--14)               6 (1--37)              6 (1--37)
  OR, *n* (%)                                     3 (15%)                   7 (21%)                 4 (29%)                14 (20%)
  SD, *n* (%)                                     12 (60%)                 24 (70%)                 8 (57%)                44 (64%)
  PD, *n* (%)                                     5 (25%)                   3 (9%)                  2 (14%)                10 (14%)
  NA, *n* (%)                                        0                         0                       1                      1
  Median PFS (CI)                             11.2 (3.8--18.6)         13.6 (9.0--18.4)         16.0 (3.5--28.5)       13.7 (9.1--18.3)
  Median OS (CI)                             56.7 (26.7--86.7)         45.5 (23.9--67.1)        49.9 (0--104.9)       45.5 (29.0--62.0)

Abbreviations: DTIC=dacarbazine; Tem=temozolomide; Cape=capecitabine; STZ=streptozocin; FED=5-FU-Epirubicin-Dacarbazin; OR=objective response; SD=stable disease; PD=progressive disease; NA=not available; PFS=progression-free survival; OS=overall survival; CI=confidence interval.

###### Nature and efficacy of antitumour treatments according to the type of chemotherapy and MGMT status assessed by pyrosequencing

                                              **MGMT status**  **Objective response (%)**   **Median PFS (CI) in months**   **Median OS (CI) in months**
  ------------------------------------------ ----------------- ---------------------------- ------------------------------- ------------------------------
  Streptozotocin-based, *n*=20                  Methylated     1/4 (25%)                    19.5 (17--22)                   137 (67--181)
                                              Non-methylated   2/13 (15%)                   7.6 (1--19)                     43 (16--70)
                                                    *P*        0.44                         0.04                            0.03
  Dacarbazine-based, *n*=34                     Methylated     4/9 (44%)                    26.4 (11--42)                   63 (56--69)
                                              Non-methylated   2/23 (9%)                    12.4 (8--17)                    43 (27--58)
                                                    *P*        0.05                         0.004                           0.60
  Temozolomide-based, *n*=15                    Methylated     3/3 (100%)                   16.3 (15--19)                   58 (NA)
                                              Non-methylated   1/11 (9%)                    7.2 (6--8)                      10 (1--22)
                                                    *P*        0.008                        0.23                            0.19
  All treatments, *n*=69                        Methylated     8/16 (50%)                   26.4 (15--38)                   77 (43--111)
                                              Non-methylated   5/47 (11%)                   10.8 (6--16)                    43 (31--55)
                                                    *P*        0.003                        \<0.0001                        0.026
  All first treatments of patients, *n*=53      Methylated     8/15 (53%)                   26.4 (6--47)                    88 (54--121)
                                              Non-methylated   5/34 (15%)                   11.2 (5--17)                    44 (28--60)
                                                    *P*        0.018                        \<0.0001                        0.036

Abbreviations: NA=not available; PFS=progression-free survival; OS=overall survival; CI=confidence interval; MGMT=O^6^-methylguanine-DNA methyltransferase.

###### Efficacy of antitumour treatments according to the primary location and MGMT status assessed by pyrosequencing

                                    **MGMT status**  **Objective response (%)**    **Median PFS (CI) in months**   **Median OS (CI) in months**
  -------------------------------- ----------------- ---------------------------- ------------------------------- ------------------------------
  Pancreas, *n*=33                    Methylated     5/10 (50%)                                26.4                            87.8
                                    Non-methylated   3/23 (13%)                                11.2                            33.3
                                          *P*        0.07                                      0.002                          0.006
  Gastrointestinal tract, *n*=19      Methylated     1/2 (50%)                                 18.0                            63.3
                                    Non-methylated   1/17 (6%)                                  9.7                            44.1
                                          *P*        0.15                                      0.05                            0.45

Abbreviations: CI=confidence interval; NA=not available; MGMT=O^6^-methylguanine-DNA methyltransferase; OS, overall survival; PFS=progression-free survival.

[^1]: These authors are co-senior authors.
